the structure-functional working mechanisms of molecular machinery [4] . By understanding these mechanisms, we have the potential to reveal fundamental chemical, biological, and physical properties often hidden in the traditional ensemble experiments [5] , and to advance the diagnosis and treatment of major diseases such as cancer.
In the past few decades, the nanomanipulator based on atomic force microscopy (aFM) has proven to be a powerful multifunctional tool for in situ noninvasive probing of cellular behaviors at the single-molecule level [6] , yielding novel insights into our understanding of the nanoscale situations during cellular physiological activities. In this article, we introduce a nanomanipulator and discuss the typical applications the aFM nanomanipulator uses to detect cellular and molecular properties.
NANOMANIPULATOR BASED ON AFM
In the movie Fantastic Voyage (1966), a submarine and its crew were miniaturized and injected into the bloodstream of a wounded diplomat to save his life. the tiny submarine described in Fantastic Voyage is the prototype of nanorobotics, which is the study of robotics at the nanometer scale and involves two types of robots [7] . the first type is nanorobots smaller than 1 μm [8] . Nanorobots have been reasonably envisioned to perform various medical functions in the human body, such as killing cancer cells, removing fatty deposits, dredging thromboses, and crushing stones that form inside organs. however, current nanorobots (such as respirocytes, microbivores, and nanobiosensors) [9] , [10] are still in the conceptual stage. this is because it is difficult to fabricate nanorobots using the traditional engineering approach [11] .
research on nanorobots is mainly focused on the development and characterization of the fundamental building blocks of future nanorobotic devices, and it is not feasible to fabricate a nanorobot capable of performing a simple medical task [12] . In 2000, Iddan et al. [13] designed a wireless capsule endoscopy robot that could record video of the human gastrointestinal tract after being swallowed. however, the size of the capsule endoscopy robot reaches the millimeter scale, making it considerably larger than a nanorobot. to overcome the limitations of the current microfabrication technology, researchers are working to construct tiny machines using natural materials [14] , [15] .
In 2012, Douglas et al. [14] designed an autonomous deoxyribonucleic acid nanorobot capable of transporting molecular payloads to cells, sensing cell surface inputs for conditional and triggered activation, and reconfiguring its structure for payload delivery. In 2013, Magdanz et al. [15] combined a single sperm cell with a microtube to construct a microbiorobot that could be guided to defined positions. although the structures and functions of the current nano-and micromachines are still simple, it is apparent that in the future they will have a profound impact on diverse fields, including innovative engineering, biomedical, and pharmacology [16] , [17] .
the second type of robot in nanorobotics is a large robot that can be used to manipulate nanosized objects, often called a nanomanipulator [7] . In contrast to the conceptual nanorobot, the nanomanipulator has been a reality since the 1990s. Currently, typical nanomanipulator systems are based on scanning electron microscopes (seMs) or aFM.
an seM-based nanomanipulator system requires vacuum conditions, meaning that it cannot manipulate living biological samples (such as living cells). although researchers have constructed a nanomanipulator system based on an environmental seM (eseM), which is capable of observing samples containing some moisture [18] , there is still a gap between the conditions used by the eseM and the real environments living cells reside in. In contrast, an aFM-based nanomanipulator can work in liquids, making it suitable for manipulating biological samples [19] .
the typical conf iguration of an aFM-based nanomanipulator system [20] - [23] is shown in Figure 1 . the configuration consists of the aFM (containing the end effector), the joystick (used for haptic feedback), the operator (used to generate control commands), and the augmented reality user interface (used for visual feedback).
the aFM was invented in 1986 by Binnig et al. [24] for imaging the nanoscale topography of samples. aFM uses a cantilever with a sharp tip (the curvature of the tip is about 10 nm) at its end to raster scan the surface of a sample to construct the topography image of the sample. the aFM tip can also be controlled to perform nanomanipulations on nano-objects [25] .
as shown in Figure 1 , using the augmented reality environment, the operator can sense the real-time contact force between the nano-objects being manipulated by the aFM tip (end effector) and also watch the real-time aFM images of the nanomanipulation. the operator can determine the next manipulation strategy based on the haptic and visual feedback results. the advantage of the human-inthe-loop (closed-loop) nanomanipulator system is that we can perform serial manipulations without aFM imaging, thus greatly improving the efficiency of nanomanipulation.
Because aFM only has one tip as an end effector and, therefore, can only apply a point force to the nano-object, it is difficult to achieve stable manipulation, especially when working with rod-shaped objects [22] . recently, we have developed a nanohand-manipulation strategy (using a single tip to mimic the manipulation effect that a multi-aFM tip can achieve through planned high-speed sequential tip pushing) to stably transfer nano-objects. experiments using zinc oxide (ZnO) nanorods demonstrated the efficiency and reliability of the nano-hand-manipulation method [22] , [23] . the aFM nanomanipulator can perform various manipulations, such as pulling, pushing, indenting, cutting, touching, and picking.
as previously described, one of the main applications of the aFM nanomanipulator is in situ probing of cellular behaviors. When using an aFM nanomanipulator to detect cellular properties, several issues arise and need to be addressed. these issues will be reviewed and discussed in this article.
VISUALIZING THE NANOSTRUCTURES OF LIVING CELLS
to manipulate living cells using an aFM nanomanipulator, the cells must first be The nanomanipulator based on atomic force microscopy has proven to be a powerful multifunctional tool for in situ noninvasive probing of cellular behaviors at the single-molecule level.
immobilized onto the substrate. adherent cells (e.g., fibroblast cells, neural cells, and cardiomyocytes) can naturally grow and spread on the substrate [26] , [27] , and thus we can directly perform robotic nanomanipulations (e.g., nanoinjection [27] , nanodissection [28] , and nanoobservation [29] ) on them without going through the immobilization step. Cellular adhesion mechanisms play an important role in tissues that endure physical stress, such as skin [29] . however, because cellular adhesion proteins are small (under 1 µm), it is challenging to directly visualize them on living cells using an optical microscope or seM. using an aFM nanomanipulator, the detailed situations of cellular junctions on living human keratinocytes were revealed, as shown in Figure 2 . the haCat cell (a human adult skin keratinocyte cell line) is a type of adherent cell that we can directly observe with an aFM nanomanipulator, after growing the cells on tissue culture plates. the cellular junctions were clearly discerned from the aFM images [ Figure 2 suspended cells (such as blood cells), cannot naturally adhere to the substrate, and thus, we must immobilize them to the substrate before performing robotic nanomanipulations on them. there are two types of suspended cells, microbial cells and mammalian suspended cells. Microbial cells are small and have hardy cell walls. We can easily trap them using poly-l-lysine electrostatic adsorption [30] or commercial polycarbonate membranes [31] . however, these two methods are not suitable for mammalian suspended cells because mammalian suspended cells are soft and large (significantly larger than the size of the pores in commercial porous membranes).
lam et al. [32] used microfabricated wells to trap mammalian suspended cells to probe the stiffness of cells. however, this method can only mechanically trap the cells horizontally (there is no vertical immobilization), meaning that the immobilization of the cells is weak, and it is difficult to image the trapped cells with aFM. to visualize the nanostructures of living lymphoma cells (a type of mammalian suspended cell), we have developed immobilization methods combining microfabricated pillars with poly-l-lysine electrostatic adsorption [33] , [34] , as shown in Figure 3 . the pillar array chips were fabricated on a silicon substrate using photolithography technology. the height and diameter of the pillar is 5 μm and 10 μm, respectively.
after coating the substrate of the pillar chip with a layer of poly-l-lysine, living lymphoma raji cells were dropped on the chip. the cells then landed on the substrate under the influence of gravity. the poly-l-lysine is positively charged and cells 
Images of the nanostructures on the surface of living lymphoma cells using an AFM nanomanipulator based on the immobilization of microfabricated pillars [33] , [34] . The images were obtained at tapping mode. are negatively charged. hence, the substrate coated by poly-l-lysine can vertically trap cells by electrostatic adsorption the four pillars around the cell can also help the cells withstand the contact force exerted by the horizontal scanning tip. through the immobilization created using the pillars and electrostatic adsorption, the living lymphoma cells were imaged [ Figure 3 When the rituximab concentration increased to 0.5 mg/ml, the images [ Figure 3 (h)] showed the obvious bulges on the cell surface. the results improved our understanding of rituximab's effect on lymphoma cells, indicating the potential of using the aFM nanomanipulator to observe the dynamically nanoscale cellular topography on living cells. Further applications of the aFM nanomanipulator in observing the dynamic changes of nanostructures on living cells (e.g., after the drug stimulation) will bring more novel insights into cellular physiological activities and drug effects.
QUANTIFYING THE CELLULAR MECHANICAL PROPERTIES
Besides visualizing the nanostructures on living cells, the cellular mechanical properties can also be quantitatively measured by controlling the aFM tip to perform nanoindentations on cells. Cell mechanical properties play an important role in regulating the cellular physiological activities. When a normal cell transforms into a cancer cell, its shape and its internal scaffolding (known as the cytoskeleton) change [35] . the cytoskeleton, an interconnected network of filamentous polymers and regulatory proteins, is a crucial part of the cell that allows a eukaryotic cell to resist deformation, transport intracellular cargo, and change shape during movement [36] . hence, alterations of the cellular cytoskeleton can lead to changes in cellular abilities, such as the ability to attach, move, and spread on substrates [35] and to transduce the external mechanical stimuli [37] .
In 2007, Cross et al. [38] measured the stiffness of cancer cells and normal cells prepared from biopsy samples of cancer patients using aFM, showing that the metastatic cancer cells are significantly softer than benign cells. In 2012, Plodinec et al. [39] performed a comprehensive study on the stiffness of three types of human breast tissues (normal, benign, and malignant) using aFM, showing remarkable changes in the stiffness profiles of the breast tissues during the development of breast cancer. this research improved our understanding of cellular mechanical properties in cancer development and also demonstrated that cellular mechanical properties could be used as a novel and effective biomarker in clinical cancer diagnosis.
In the indentation experiments to measure cellular mechanical properties, the aFM tip is controlled to first approach and then retract from the cells being probed. During the approach-retract process, the force-distance curve (briefly called force curve) is recorded. a typical force curve is shown in Figure 4 (a). each force curve includes two portions, an approach curve and a retract curve. the approach curve is used to analyze the cellular elastic modulus, while the retract curve is mainly used to analyze the adhesion forces [40] . after contact between the aFM tip and the cell, the deflection of the aFM cantilever changes as the tip indents the cells.
according to the contact point in the approach curve, the approach curve can be converted into an indentation curve. the indentation cur ve [ Figure 4 (b)] is obtained by subtracting the deflection of the cantilever from the vertical movement of the aFM piezoelectric ceramic driver. the cellular Young's modulus is obtained by fitting the indentation curve with one of several theoretical models, such as hertz, sneddon, Johnson-Kendall-roberts, Derjaguin-Muller-toporov, or tatara [41] , [42] . In practice, because of the simplicity and effectiveness, the most widely used models are the hertz and sneddon [41] , [43] , [44] . the hertz model is appropriate for spherical tips while the sneddon model extends the calculation to conical tips. the hertz-sneddon model is
where y is the Poission ratio of the sample ( . 0 5 y = for incompressible materials, such as a cell), F is the loading force, d is the indentation depth, E is the elastic modulus of the sample, R is the radius of the spherical tip, and i is the half-opening angle of the conical tip. the loading force ( ) F can be calculated from the deflection of the aFM cantilever ( ) x according to hooke's law FIGURE 4 (a) The force curve and (b) indentation curve in AFM indentation experiments [40] .
where k is the spring constant of the aFM cantilever. In practice, the spring constant should be calibrated exactly (the most widely used method is the thermal noise method [45] ), then the Young's modulus of cells can be obtained by fitting the indentation curves with either the hertz or sneddon model (depending on if a conical or spherical tip was used in the experiment). traditional clinical drug-susceptibility experiments involves several steps, including culturing tumor cells, tumor cell identification, drug stimulation, culturing the cell again, with each step taking a long time to complete (often several days) [46] . the significance of measuring cell mechanics is that we can dynamically monitor the drug actions in a relatively short period of time (several hours), potentially improving the efficiency of drug screening. using aFM nanomanipulator indenting, we have investigated the changes of cellular Young's modulus during the process of rituximab-induced complement-mediated cytotoxicity (CMC) [47] . the binding of rituximab to CD20s on lymphoma cells can trigger the classical complement pathway, which leads to cell lysis.
to explore the role of cellular mechanical properties in CMC, indenting experiments were performed on lymphoma raji cells after the rituximab stimulation. Figure 5(a) is a typical force curve recorded on living raji cells during the indenting process. the approach curve was converted into an indentation curve according to the contact point. then, by fitting the indentation curve with a hertz model [ Figure 5(b) ], the Young's modulus of the cells is obtained. the experimental results [ Figure 5 (c)] statistically showed that the process of CMC could be divided into three stages: before rituximab treatment, without CMC after treatment, and with CMC after treatment. Furthermore, the cellular Young's modulus changed significantly during the CMC process (first decreasing and then increasing), revealing the changes of cellular Young's modulus in the process of CMC and improving our understanding of rituximab's CMC effect from the perspective of cell biomechanics. the most common aFM tip is conical and sharp, and thus, it probes the cellular Young's modulus at local points on the cell surface. to better quantify the Young's modulus of the whole cells, spherical tips were used [48] . Figure 5(d) is the optical and seM images of a homemade sphere tip, which was prepared by gluing a microsphere onto a tipless cantilever. using the sphere tips, the Young's modulus of four different types of cells was measured. the histogram results [ Figure 5 (e)] showed that aggressive cancer cells (raji) were significantly softer than indolent cancer cells (K562 and hut) [48] . In the process of cancer metastasis, cancer cells pass through several obstacles, e.g., the basement membrane, the extracellular matrix, and the blood vessel wall. the results [ Figure 5 (e)] indicated that cell softness makes it easier for cancer cells to cross through these obstacles, improving our understanding of cell mechanics in cancer metastasis.
MANIPULATING SINGLE MOLECULES ON CELL SURFACES
living cells use surface molecules, such as receptors and sensors to acquire information about and respond to their environments [3] . however, because of the lack of high-resolution, single-molecule imaging techniques, a crucial challenge in current cell biology is to understand how these molecules structurally localize, assemble, and interact on the surface of living cells [3] , [49] . the advent of an aFM nanomanipulator provides new possibilities for directly manipulating single receptors on living cells by linking corresponding ligands onto the tip. the pioneering work of Gaub et al. [50] - [52] showed that aFM could be used to quantify the binding force of individual receptor-ligand pairs [50] , to reveal the unfolding dynamics of single purified proteins [51] , and to directly visualize the two-dimensional morphology of individual native membrane proteins [52] . In 2009, the research by alsteens et al. [53] showed that aFM single-molecule force spectroscopy could be applied to investigate the unfolding dynamics of single proteins directly on living cells. In 2014, Pfreundschuh et al. [54] showed that aFM can even locate the chemical interaction sites on single proteins. Currently, aFM has been proven to be an invaluable tool in life sciences to study the behaviors (structures, mechanics, and functions) of individual molecules, bringing novel insight into our understanding of cellular and molecular biology.
the principle of aFM single-molecule force spectroscopy is controlling the tip carrying ligands to probe the specific receptors on the cell surface [55] , as shown in Figure 6(a) . the prerequisite of aFM single-molecule force spectroscopy is linking ligands onto the tip; this is called tip functionalization. there are many methods for tip functionalization [e.g., the biotin-avidin system, chemisorption of alkanethiols on a gold-coated tip, and via polyethylene glycol (PeG)]. however, the most widely used method is via PeG linker molecules [56] .
to measure the specific molecular binding force, the functionalized tip first approaches the cell surface until the maximum load is achieved and then retracts from the cell surface. During the approach-retract cycle, the force curve (force versus distance curve) is recorded. the distance between the tip and the cell surface is obtained from the aFM piezoelectric ceramic driver. the force is acquired from the deflection of cantilever which is detected by a laser reflected from the backside of the cantilever.
according to hooke's law, the loading force is obtained from the cantilever deflection. If the ligands on the tip bind to the receptors on the cell surface during the contact of the tip and cell, then the receptor-ligand pairs are pulled when the tip retracts from the cell surface. When the pulling force exerted by the cantilever is larger than the binding force between the receptor-ligand pairs, then the receptor-ligand pairs rupture. the unbinding of receptorligand pairs can cause specific nonlinear peaks in the retraction curve, which is caused by the stretching of PeG linker molecules, which have a nonlinear elasticity [57] , [58] .
We can control the density of ligands on the tip so that only one receptorligand pair forms during the force measurements [56] , [59] . In this case, the retraction curve reflects the unbinding of individual receptor-ligand pair and the binding force of single receptor-ligand pair is equal to the magnitude of the unbinding peak in the retraction curve [ Figure 6(b) ].
Current aFM single-molecule force spectroscopy experiments are commonly performed on cell lines cultured in vitro [60] . We know that there are significant differences in structures and functions between cell lines cultured in vitro and cells in the human body. hence, the results obtained from cell lines may not completely reflect the real situations in vivo.
Based on this consideration, we have explored measuring the specific CD20-rituximab molecular interactions directly on cancer cells from clinical lymphoma patients using aFM force spectroscopy [46] , [61] , [62] , as shown in Figure 7 . Biopsy samples (such as bone marrow) contain both cancer cells and normal cells; thus, the first we must identify the cancer cells in the biopsy samples prepared from the clinical patients. recent studies have shown that the receptor tyrosine kinase-like orphan receptor 1 (rOr1) is a specific cell surface biomarker, which is exclusively expressed on B-cell leukemia and lymphomas but not on normal cells [63] . hence, rOr1 is an adequate biomarker for recognizing cancer cells. Figure 7(a) shows the optical bright field image of bone marrow cells, and Figure 7(b) is the corresponding rOr1-labeled fluorescence image. there were five cells in the optical bright field image, but only one cell exhibited fluorescence. the fluorescence of the cell indicated that it was a cancer cell. Figure 7(c) is the corresponding aFM image. We can see that the size of cancer cell was significantly larger than that of normal cells. using PeG linker molecules, rituximabs were linked to the aFM tips. to demonstrate that there were rituximabs on aFM tips, functionalized probes were incubated with secondary antibodies carrying fluorescent molecules. the fluorescence image of the functionalized probe exhibited bright fluorescence [ Figure 7(d) ], while the fluorescence image of the normal probe did not exhibit fluorescence [ Figure 7 (e)], proving that there were rituximabs on the aFM tips.
under the guidance of rOr1 fluorescence, the rituximab-functionalized tip was moved to cancer cells to obtain force curves. Figure 7 (f) is a typical force curve with specific molecular binding. there was a clear specific nonlinear unbinding peak in the retraction curve. the histogram showed 
FIGURE 7
Measuring the binding affinity and distribution of CD20 on cancer cells from clinical lymphoma patients using AFM nanomanipulator single-molecule force spectroscopy [46] , [61] , [62] . AFM uses a cantilever with a sharp tip at its end to raster scan the surface of a sample to construct the topography image of the sample.
that the CD20-rituximab binding force on cancer cells was about 67 pN. By obtaining 16 # 16 force curves on local areas (500 # 500 nm 2 ) on the cancer cells, the gray maps reflecting the distribution of CD20s were constructed.
We can see that there were many gray pixels in the maps obtained on cancer cells, while there were only a few gray pixels in the maps obtained on normal cells. the results (Figure 7) showed the potential of aFM force spectroscopy to measure the binding affinity and distribution of membrane proteins directly on cancer cells prepared from clinical patients, providing a novel approach to in situ exploration of drug-target interactions. these results are significant because they can provide new knowledge on target molecules, which can help scientists design better drugs. however, so far, applying aFM singlemolecule techniques to probe molecules directly on cells from clinical patients is still scarce, and more studies are needed to promote the applications of aFM nanomanipulators in clinical medicine.
AUTOMATED MEASUREMENT
as previously described, aFM nanomanipulators can in situ visualize and quantify cellular behaviors at the singlemolecule level, revealing the nanoscale structural and mechanical changes taking place on the cell surface. the results obtained with aFM provide novel insights into our understanding of cell and molecular biology. however, one limitation of current aFM nanomanipulations is the low throughput. the operator controls the aFM tip to move it to the cell of interest and then performs manipulations on the cell. after the manipulations are finished, the tip is controlled to move to another cell to perform manipulations. this manipulation process leads to a low throughput (the time of handling one cell is often several minutes). to achieve practical applications, such as use in drug screenings, the efficiency of aFM manipulations should be improved. the efficiency of aFM manipulations can be improved in two ways.
On one hand, we can improve the rate of aFM detection. In recent years, the work of ando et al. [64] has remarkably increased the imaging rate of aFM by developing high-speed aFM. Now we can acquire more than 10 frames/s. In 2013, rico et al. [65] developed high-speed aFM force spectroscopy to unfold proteins at velocities reached by simulation (4 mm/s). these achievements greatly improved the temporal resolution of aFM detection. however, it should be noted that the current high-speed imaging and force spectroscopy technique is mainly limited to flat and rigid samples. Because the surfaces of living cells are very soft and deformed by the contact with the aFM tip, several technical challenges need to be overcome to make high-speed aFM techniques capable of observing the dynamic action of individual protein molecules on the surface of live cells [66] .
On the other hand, we can automate the aFM detection process to improve the throughput. We have developed an automated system of measuring the cellular mechanical properties based on aFM [67] . the flowchart of automatically measuring the cellular mechanical properties is shown in Figure 8 . Cells were attached onto the substrate, which was placed in a Petri dish with buffered solution. at the beginning, an original gray optical image was captured by the optical microscope. hough transform was applied to detect the cells in the gray image. then, we obtained the position of cells relative to the cantilever.
an important issue is exact navigation of the tip to the cell surface. Our strategy was to use a local scan [21] . after scanning two lines (one horizontal and one vertical) on the cell, the actual center position of the cell was acquired. then, the tip could locate on the center of the cell surface and perform indenting. after the detection of one cell, was finished, the tip automatically moved to the next cell in the optical view. If all the cells in the optical view were measured, the stage was moved to transfer more cells into the optical view and a new cycle was performed. the experimental results showed that using the presented automated measurement system, the detection rate was 26 times faster than the traditional manual method, preliminarily demonstrating the potential of automated aFM manipulation.
In 2014, Otten et al. [68] presented a microfluidic platform for parallel characterization of individual protein mechanics in a single experiment (streamlining protein expression, purification and force spectroscopy into a single integrated platform), opening the door for large-scale screening studies of protein mechanical properties with aFM. however, the method relies on the use of tags fused to the terminal ends of the protein. therefore, each protein must be evaluated to know if adding a tag to the terminal ends influences functional or structural properties [69] . It is gratifying to see that we have achieved remarkable progress in high-throughput aFM manipulations in recent years and these achievements will play an important role in promoting the practical applications of the aFM nanomanipulator.
CONCLUSION
the past decade has seen the great potential of the aFM nanomanipulator in probing the native physiological activities at singlecell and single-molecule levels. With the aFM nanomanipulator, we can not only directly visualize the dynamics of nanostructures on living cells but also can quantify the cellular and molecular physical properties (e.g., cellular elastic modulus, molecular binding forces, and molecular distribution on cell surface), providing novel insights into our understanding of cellular/molecular behaviors and diseases. the significant achievements in high-speed aFM and automated measurements indicate that highthroughput aFM detection is gradually becoming a reality, paving the way for the practical applications of aFM (such as drug screening). however, because the cells are highly heterogeneous and complex, there are still many challenges facing aFM.
Future studies will focus on further improving the spatial resolution and temporal resolution of aFM detection on living cells (such as visualizing single membrane proteins and their dynamics on living cells). theoretical and experimental efforts are also required to explore the underlying physical mechanisms of aFM detection (especially in aqueous solutions) and establish the standards (e.g., the nonspecific molecular interactions taking place in aFM force spectroscopy, the interpretation of obtained force curves, and automated data recording and analysis).
